Abstract: Development of best management practices (BMPs) such as conservation tillage and winter cover crop to mitigate runoff and reduce dissolved chemicals in irrigation runoff is an important objective for controlling surface water pollution attributable to agricultural activities. In this study, the effect of standard tillage (ST), ST with winter cover cropping (STCC), and no-till (NT) management practices on infiltration, runoff, and dissolved organic carbon (DOC) export from furrow-irrigated fields of 244-m length was investigated for summer 2007 and 2008 irrigations. The practices were implemented for 2 years. The average surface residue cover was 11, 44, and 32% for ST, STCC, and NT, respectively, for 2007 and 11, 59, and 61%, respectively, in the following year of the study. Two irrigations in each year were considered for the analysis. The runoff samples were collected from each tillage treatment using ISCO autosamplers at regular time intervals. The infiltration and runoff were estimated using a volume balance model (VBM) by considering a 0.2-m irrigation requirement. Converting from ST to STCC increased the infiltration by 14 and 43% and reduced the runoff by 48 and 43% in 2007 and 2008 irrigations, respectively; whereas, converting ST to NT enhanced the infiltration by 4% in both years and decreased the runoff by 19 and 23% in 2007 and 2008 irrigations, respectively. The authors observed only slightly higher DOC concentrations in STCC, but there was a 24% increase for NT in 2007 irrigations, and both compared to with ST ranged from 3.98 to 5:46 mg=L. The DOC concentration was not significantly different among the treatments in 2008 irrigations (3.48 to 4:6 mg=L). Combining the runoff and DOC concentration effects, the DOC export for STCC was decreased by 55% in both years; whereas, it was decreased by 4 and 27% for NT in 2007 and 2008 irrigations, respectively, compared with ST. Although STCC and NT have higher concentrations, the reduction in export in these treatments is attributable to lower runoff. These results suggest that DOC export can be controlled with STCC practice. No-till showed the same trend, although these results must be confirmed after extended implementation of this practice.
Introduction
In arid climates such as in California, high crop production involving intensive inputs and irrigation may reduce water, air and soil quality (DeClerck and Singer 2003; Tate et al. 2005) . Irrigation runoff often contains a variety of pollutants, such as sediment, dissolved organic carbon (DOC), and nutrients that can affect downstream drinking water quality. Of these, DOC is a significant concern owing to the potential to form carcinogenic disinfection byproducts during drinking water treatment (Volk et al. 2002) . The most common irrigation practice in Californian row crop systems is furrow irrigation, known to have low water application efficiency attributable to high rates of deep percolation and runoff. The use of field management practices such as conservation tillage, e.g., no-till, and winter cover cropping can reduce runoff by promoting increased infiltration (Gómez et al. 2009 ), but it is unclear how these practices affect DOC export from agricultural fields.
Dissolved organic carbon can be released through leaching of soluble organic matter from decomposing cover crop residue and from surface residues under no-tillage and soil organic matter (Franchini et al. 2001; Chantigny 2003) . The amount of residue incorporated into the soil determines surface soil DOC concentrations (Ruark et al. 2009 ), which in turn influence DOC concentrations in runoff. The effect of no-tillage practice is to concentrate extractable labile carbon or DOC in the top 5-cm depth (Dou et al. 2008) , although surface soil DOC may be rapidly decomposed or sorbed in soils (McCarty and Bremner 1992; Franchini et al. 2001; Angers et al. 2006) . The presence of significant amounts of residue in various stages of decomposition as a result of no-tillage and cover cropping practices increases DOC and could release it in furrow irrigation runoff or return water compared with conventional tillage practices or practices that leave fields fallow in winter.
Although winter cover cropping may increase soils' propensity to release soluble carbon, this practice may decrease DOC export because cover crops are known to enhance infiltration properties and thus reduce runoff (Colla et al. 2000; Joyce et al. 2002; Seiter and Horwath 2004) . In no-till systems, the increase in surface roughness from surface cover has been credited with slowing surface runoff (Blevins and Frye 1993; Gilley 1995) and increasing the opportunity for water to infiltrate (Godwin 1990) , thus reducing overall runoff and soil erosion (Mitchell et al. 2007; Triplett et al. 1996; Reeves 1997; Nyakatawa et al. 2001; Reddy et al. 2004 ). In addition, increased soil fauna activity producing large pores under conservation tillage (CT) may result in increased infiltration potential (Sharratt et al. 2006) . Most tillage practices have pronounced effects on soil hydraulic properties, e.g., by increasing infiltration immediately following tillage operations, but these effects can diminish rapidly during the growing season because of structural breakdown and surface sealing (Suwardji and Eberbach 1998; Strudley et al. 2008) . Tillage practices also determine the initial location and distribution of incorporated residues that, in turn, act directly on soil hydraulic properties (Franzluebbers 2002; Lampurlanes and Cantero-Martinez 2006) . However, the interaction of cover crop residue and tillage on soil hydrology and release of DOC compared with no-till practice, which leaves crop residue on the surface, has received little attention in light of the environmental concerns associated with runoff water quality, especially in arid climates.
In arid climates, the implementation of winter cover cropped or no-till practices are often are not compatible with furrow irrigation practices because of the need to create stable soil beds for crop production. Currently, CT practices are practiced on less than 2% of the annual crop acreage in California's Central Valley, where CT is generally defined as a 40% reduction in intercrop tillage operations compared with conventional tillage practices. Although CT systems are relatively new in California, there is a growing body of literature demonstrating benefits to air, water, and soil quality and to resource conservation as a result of these practices (Upadhyaya et al. 2001; Horwath et al. 2006; Madden et al. 2008) . Winter cover crops are estimated to be annually planted on less than 5% of irrigated cropland (E. Miyao, UC Cooperative Extension Farm Adviser, personal communication, 2009), although this practice has been shown to improve soil structure and increase soil organic matter and water holding capacity (Colla et al. 2000; Andrews et al. 2002; Seiter and Horwath 2004) . The objectives of this research were to investigate the effect of winter cover cropping and no-till practices on flow and mass transport by measuring infiltration, runoff, and DOC concentrations and export from furrowirrigated fields in which forage crops (Sudan grass and silage corn) were grown. The authors hypothesized that cover crop and no-till practices would decrease runoff compared with the conventional tillage winter-fallow practice. DOC concentrations were expected to be greater in the cover crop and no-till treatments because of the higher residue cover with these practices, but differences in DOC export would also depend on the amount of runoff among the treatments.
Experimentation and Methodology

Study Site
Furrow irrigation experiments were conducted at the Russell Ranch Sustainable Agricultural Facility (38°32′ N, 121°87′ W, 18-m elevation), formerly the Long-term Research on Agricultural Systems (LTRAS) site of the University of California, Davis. The soil series is Rincon silty clay loam (fine, smectitic, thermic Mollic Haploxeralf), which consists of 51% silt and 30% clay. The area has a Mediterranean climate with the majority (> 95%) of mean annual precipitation (462 mm) falling in winter. Average daily maximum and minimum temperatures from 1951 to 2009 were 23.1 and 7.9°C, respectively. Furrow irrigation is used for the majority of row crop production.
Experimental Design
The three management practices studied were standard tillage (ST), ST with winter cover crop (STCC), and no-tillage (NT) under furrow irrigation. In 2006, before these practices were implemented, a sunflower crop was grown on the whole experimental area. The sunflower crop was harvested and the stalks were incorporated into the soil in ST and STCC plots during fall 2006. Tillage in these treatments involved bed disking to a depth of 5 cm and incorporation of the residue with a stalk chopper, followed by cultivation to furrow out the beds and mulching of the beds with a ground powered Lopez Mulcher (Ricardo Lopez, Woodland, California). The sunflower residue was left on the surface of the NT treatment. In the STCC treatment, a wheat cover crop was grown during the rainy season (winter 2006-2007) whereas NT and ST were left fallow. Before spring 2007, the wheat cover crop with a dry mass of 3;900 kg ha À1 was mowed and incorporated. In spring 2007, tillage in STCC and ST plots involved the same operations as in the fall, and, in addition, beds were rolled before Sudan grass was planted. Under ST, less than 15% residue cover remains after planting. The NT plots were not tilled, and planting was performed with a no-till planter. Sudan grass was grown and harvested (baled) in all treatments in summer 2007. Fall tillage in ST and STCC was similar to the preceding year. The ST and NT plots were left fallow in the following winter (2007) (2008) , whereas STCC had again a wheat cover crop (dry mass 36;00 kg ha À1 ). The wheat cover crop was terminated with glyphosate, and tillage and planting operations were as in the preceding year. In summer 2008, silage corn was grown. Table 1 shows a summary of the 2007 and 2008 cropping sequence and management practices associated with the treatments.
In the beginning of summer 2007 (June 11) and 2008 (June 20), the residue cover in each of the treatments was measured at three locations (head, middle, and tail end) along the field using the linetransect method (Dickey et al. 1986; Wollenhaupt and Pingry 1991) . The authors extended a 15.24-m (50-ft) tape diagonally over each plot and checked every 0.3 m (1-ft) whether that point touched a piece of residue. The percentage residue was calculated as the number of residue pieces for 30.48-m (100-ft) tape length (i.e., double the number of residue pieces obtained for 15.24-m tape length). It was assumed that the percentage residue cover in the furrow was the same as the percentage residue cover on the surface.
Irrigation experiments were conducted on the furrowed field with raised beds of 244-m (800-ft) length with 0.2% slope. Each management practice was replicated three times in a completely randomized design. Each replicate consisted of 10 furrows of 0.46-m width and 0.15-m depth with row spacing of 1.52 m resulting in a bed width of 1.06 m. The replicates were separated by 1.52 m consisting of a dry furrow on each side. For the analysis, runoff from eight furrows represented a replicate.
The field data were gathered from two irrigation events in both 2007 and 2008. The data were collected on June 27 and August 15 for 2007 representing the first (Irrigation I) and third irrigation (Irrigation III) events. In 2008, Irrigation I and III events were conducted on July 1 and August 26, respectively. The staggering of the observed irrigation events was necessary to complete the numerous DOC analyses associated with each event. Yolo County Irrigation District canal water was delivered to each furrow using a system of calibrated gated pipes. Prior to irrigation, the gate openings were adjusted to equalize inflow rates at the head of each furrow.
In 2007, Irrigations I and III were performed for 5 and 4 days, respectively, using a field averaged inflow of 0.38 and 0:42 m 3 = min, respectively; whereas, in 2008 Irigations I and III were performed for 4 and 3 days, respectively, using 0.49 and 0:47 m 3 = min inflow rate. The runoff from each tillage treatment was collected in a tail ditch and then channeled through a 30-cm diameter PVC pipe to the main ditch (Fig. 1) . Runoff samples were collected from the flow in the PVC pipe using ISCO autosamplers (Teledyne ISCO, Nebraska) at 45-min intervals for the first 12 h, at 2.5-h intervals for the next 12 h and at 5-h intervals thereafter.
Estimation of Infiltration and Runoff
For each irrigation event, the waterfront advance time (time of water to reach a specific location along the furrow length) was measured in the fifth furrow of each replicate using a terminal activated analog clock-clip device (Fig. 2) . The waterfront advance times were used to determine the infiltration properties by the two-point method (Elliott and Walker 1982) , which was used to estimate runoff from each treatment. The clock (Walmart Stores, Inc., Bentonville, Arkansas) power supply was spliced and connected by wire to metal plates attached to the jaws of a clothespin. Before irrigation events, a soluble tablet (e.g., aspirin) was placed between the clothespin jaws to keep the circuit open, and the clock was set to a predetermined time. The clock circuit closed when the tablet dissolved as the water front advanced in the furrow, activating the clock and indicating the time it took for the water to advance in the furrow. The clock-clip units were installed at 1=10 of the total field length intervals for a total of 10 observations. The water advance time of a location is determined by the following relation:
in which T a = water advance time (min), T r = time the clock showed (min); T c = clock time (min); and T i = irrigation start time (min). The two-point method required two waterfront advance times, generally, measured at the middle and end of the field, which were used to estimate the Kostiakov-Lewis infiltration parameters, K and a:
using the inverse solution technique (Elliott and Walker 1982) , in which Z = infiltration depth, f 0 = final infiltration rate; and τ = infiltration opportunity time.
The infiltration parameters of each tillage treatment were used in a volume balance model (VBM) to forward simulate total advance and irrigation times, total inflow, infiltration, and runoff volumes by assuming a desired constant infiltration depth of 0.2 m (criteria used to end inflow for irrigation water, typical of the region) at the field end. The VBM simulates these outputs in four phases of irrigation such as advance, storage, depletion, and recession (Rayej and Wallender 1987; Mailapalli et al. 2009 ) on sloping and free draining furrows. Mailapalli et al. (2010) presented the details on the VBM for estimating waterfront advance, infiltration, and runoff during an irrigation event.
The 
Estimation of Dissolved Organic Carbon Concentration
The runoff samples collected from the ISCO autosamplers were placed on ice and transported to the lab within one day. The samples were filtered, acidified with H 2 SO 4 to pH < 2, and stored at 4°C in the dark for up to 28 days before analysis. The DOC concentration was measured by UV-persulfate oxidation method [American Public Health Association (APHA) 1998] on a dissolved carbon analzyzer (Phoenix 8000, Teledyne Tekmar, Ohio).
Data Analysis
Though the tillage treatments were irrigated for different durations (5 and 4 days for Irrigations I and III, respectively, in 2007; 4 and 3 days for Irrigations I and III, respectively, in 2008), the analysis was confined to the irrigation duration simulated by the VBM (using the criteria of 0.2-m infiltration depth at the tail end). The measured DOC concentrations for the predicted irrigation time were averaged to give the average DOC concentration from each treatment. That concentration was multiplied by its total simulated runoff volume to give total DOC export (kg ha À1 ). For each year (2007 and 2008) , the effects of tillage practice (ST, STCC, NT) and irrigation event (Irrigation I and III) on VBM simulated waterfront advance, total infiltration, total runoff, DOC concentration, and DOC export were assessed by two-factor analysis of variance (ANOVA) at 95% confidence level. The general linear models procedure of SAS (SAS 9.2, SAS Institute Inc. Cary, North Carolina) was employed for the analysis. For means separation among tillage practice Tukey's HSD was used.
Results and Discussion
Field Residue Cover
In 2007, the residue cover was 44, 32, and 11% for STCC, NT, and ST treatments, respectively and was significantly different among these treatments (Table 2 ). In 2008, the residue cover was 59, 61, and 11% for STCC, NT, and ST, respectively. The residue cover in ST was the same (11%) as in the previous year since the crop residue was incorporated in fall 2007 and the soil was tilled again in spring 2008. The residue in NT increased from 2007 to 2008, while residue cover in STCC and NT did not differ.
Performance of Volume Balance Model
The infiltration parameters for each irrigation event and tillage treatment are shown in Table 3 . These infiltration parameters were used as input in the VBM to simulate waterfront advance times (Table 4 ). The simulated and observed values were in agreement, indicating that the VBM accurately predicted waterfront advance time, infiltration, and runoff.
Tillage Treatment Effect on Infiltration and Runoff
The tillage treatments significantly affected the waterfront advance time, infiltration, runoff, and irrigation ratio (runoff/applied water) (Table 5 ). In every irrigation, waterfront advance times and infiltration were lowest and runoff was highest in ST, whereas for STCC, waterfront advance was slowest, runoff lowest, and infiltration highest (Table 5 ). For NT, the response was generally intermediate among the three treatments. However, in Irrigation III The greater waterfront advance time, higher infiltration, and lower runoff in STCC than in ST was likely attributable to the greater amount of residue in STCC, which increased infiltration opportunity time. Crop residue slows the flow of surface runoff and increases the opportunity for water to infiltrate (Godwin 1990; Gilley 1995) . Recently established root channels and enhanced aggregation and aggregate stability as a result of the winter cover cropping probably contributed to the greater infiltration in STCC (Kabir and Koide 2002; Liu et al. 2005; Wuest 2007 ). Based on the irrigation water cut-off criteria to infiltrate 0.2 m at the field end, (the location of least infiltration), the enhanced infiltration in STCC resulted in about 27% lower total inflow to the field compared with ST; since the inflow rate used for each treatment in the VBM was the same, the higher infiltration rate in STCC resulted in a lower irrigation time to meet the irrigation requirement at the field end, and this offset the slower advance time.
The enhanced infiltration in NT required 12% less inflow volume than in ST for the required 0.2-m infiltration depth at the field end to be achieved. However, the effect (enhancing infiltration) was smaller compared with STCC, perhaps because the NT system was in place for only 2 years. Therefore, it is premature to claim that NT increased infiltration compared with ST. The NT system generally had greater infiltration than the tilled treatments (McGarry et al. 2000) . For example, others studies have shown the infiltration was lower under NT systems because of increased bulk density (small porosity) in comparison to tilled systems (Ferreras et al. 2000; Tebrügge and Düring 1999) . The increased infiltration for NT in this study is in agreement with results found in northwestern Canada by Arshad et al. (1999) . They attributed the greater infiltration in NT versus ST to the greater number of macropores, increased fauna activity, and accumulated organic matter forming a litter of residues. The increasing fauna and decreased bulk density with time in NT (Blanco-Canqui et al. 2009 ) may increase infiltration substantially over the long-term. 
Differences in Infiltration and Runoff between Irrigation events
The previous irrigation activities significantly affected waterfront advance time, infiltration, runoff, and irrigation ratio (Table 5 ). In 2007, in Irrigation III, waterfront advance time and infiltration decreased and runoff increased on average by 136% compared with Irrigation I. Furthermore, Irrigation III necessitated 50% more total inflow than Irrigation I to meet the irrigation water requirement of 0.2 m. In 2008, waterfront advance time and infiltration were on average reduced by 62 and 22%, respectively, and runoff increased on average by 45% when compared with Irrigation I. The faster waterfront advance in Irrigation III for all tillage treatments was likely attributable to maintaining soil moisture from previous irrigation events. Furthermore, development of surface sealing during the crop season reduces roughness and creates a smooth surface for rapid waterfront advance toward the end of the field (Trout 1992; Wang et al. 2005) . A decrease in hydraulic conductivity during the growing season, mainly attributable to soil structural breakdown and root growth that progressively block the pores has also been observed by others (Logsdon et al. 1993; Suwardji and Eberbach 1998) .
Tillage Treatments and Irrigation Effect on DOC
In 2007, NT had the highest DOC concentration, whereas in 2008, this variable did not differ among tillage treatments (Table 6 ). Because total runoff differed, the total DOC export was significantly lower for STCC than for NT and ST in both years. In 2008, DOC concentration was similar among tillage treatments. The 20% higher inflow rate in summer 2008 may have caused more dilution and resulted in the insignificant DOC concentration differences among the treatments. The DOC export for STCC and NT were 54 and 27% lower than that of ST (6:42 kg ha À1 ), respectively, because of the lower runoff. The DOC export ratio was higher or not significantly different than 1 for NTand STand in both years higher than in STCC. This indicates that in both years, the fields under STCC acted as DOC sinks, removing DOC from the irrigation water. Based on the DOC export ratio, the NT and ST management practices did not affect DOC export in 2007. In 2008, all fields were DOC sinks. In 2007, DOC concentrations in Irrigation I were on average higher than Irrigation III (Table 6 ). The lower DOC concentration in Irrigation III may have been attributable to the loss of DOC during previous irrigations. In 2008, DOC concentrations were similar in the two irrigation events (Table 6 ).
Conclusions
The winter cover crop (STCC) practice resulted in the greatest infiltration and the least irrigation water runoff (most of the cases) in three of the four assessed irrigations. In these experiments, under STCC practice, between 10 and 27% of water input was saved based on the typical 0.2 m required irrigation depth at the field end. Moreover, runoff was reduced with this practice by > 40% compared with the other treatments, and this affected DOC export, which was lowest under STCC in all but one of the irrigations since DOC concentrations were similar among the three tillage treatments. The data on runoff and infiltration under NT in the present study may not be representative for fields under long-term NT management since the fields were managed for only 2 years in this manner. All fields were DOC sinks in the second year, but in the first year, similar quantities of DOC entered and exited the fields under NT and ST. It is likely that all fields would be sources of DOC in winter when DOC input into the fields is zero. Thus, management practices are likely to have a greater effect on runoff water quality in winter than in summer. This study gives insight to understanding flow and mass transport at the field scale under different soil and crop management practices and provides information to evaluate management practices at the watershed level.
